Glc7, the type1 serine/threonine phosphatase in the yeast Saccharomyces cerevisiae, is targeted by auxiliary subunits to numerous locations in the cell, where it regulates a range of physiological pathways. We show here that the accumulation of Glc7 at mating projections requires Afr1, a protein required for the formation of normal projections. AFR1-null mutants fail to target Glc7 to projections, and an Afr1 variant specifically defective in binding to Glc7 [Afr1(V546A F548A)] forms aberrant projections. The septin filaments in mating projections of AFR1 mutants initiate normally but then rearrange asymmetrically as the projection develops, suggesting that the Afr1-Glc7 holoenzyme may regulate the maintenance of septin complexes during mating. These results demonstrate a previously unknown role for Afr1 in targeting Glc7 to mating projections and in regulating the septin architecture during mating.
How cells make appropriate morphological changes in response to external and internal cues is a central question in biology. The budding yeast Saccharomyces cerevisiae has been used extensively as a model to investigate the regulation of morphological changes. In dividing cells, growth is largely restricted to the bud, the site of which is determined by a complex set of internal cues that depend on cell type and the position of the previous bud (9) . Once the site of polarization is established, a complex of septin proteins forms a ring at the polarization site through which new growth and cell wall expansion are directed. In mating competent cells, mating pheromones induce growth into mating projections rather than into buds. The site of polarization and the overall shape of the projection are determined both by internal cues and by a concentration gradient of pheromone (9) . This program of directional growth allows cells of opposite mating types to fuse efficiently in order to form a zygote, which initiates the diploid vegetative cycle.
Septins, a collection of related structural proteins, play a central role in morphological regulation during both vegetative growth and the mating response. They are evolutionarily conserved and have physiological roles in cytokinesis, vesicle trafficking, and the secretory pathway in many eukaryotes (15, 30, 57) . There are seven septin proteins in Saccharomyces cerevisiae, of which five, Cdc3, Cdc10, Cdc11, Cdc12, and Shs1, are expressed in vegetatively growing cells (42) . Four of these, Cdc3, Cdc10, Cdc11, and Cdc12, form stoichiometric complexes in vivo and in vitro (22, 59, 60) . Septins form a ring at the site of polarization prior to bud formation. The ring transforms into an hourglass-shaped collar at bud initiation and separates into two rings prior to cytokinesis (reviewed in reference 42). This collar acts both as a diffusion barrier to separate membrane-associated proteins in the mother cell from those in the bud (3, 16, 56) and as a scaffold for proteins that direct chitin synthesis, actin nucleation, cell cycle control, and other signaling pathways (reviewed in reference 27). The precise structure of septin complexes at the bud neck has been controversial. Filaments running either parallel or perpendicular to the mother-daughter axis have been proposed for structures at the neck (reviewed in reference 61), and recent electron microscopic studies suggest a more elaborate architecture made up of filaments that form a gauze-or net-like complex (46) . Recent experiments with septin-green fluorescent protein (GFP) fusion proteins using polarized fluorescence microscopy indicate that septin filaments run parallel to the mother-daughter axis throughout most of the cell cycle but flip to become circumferential when the collar splits at cytokinesis (62) .
Septins acquire a different morphology during mating. Rather than a well-formed ring or collar, septins form a diffuse collar at the base of the projection that often appears as bars or filaments that run parallel to the axis of the projection (20, 34) . Loss of septin function due to incubation of a temperature-sensitive septin mutant at the restrictive temperature results in a serious defect in projection formation (25) . Although a large number of septin-binding proteins have been identified at the bud neck in vegetatively growing cells (27) , much less is known about their occurrence and function in mating projections. One septin binding protein present in mating projections is Afr1, first identified from a screen for genes that induce resistance to mating pheromone when expressed at high dosages (37) . Afr1 is induced during the mating response and accumulates at mating projections in a septin-dependent manner (37, 38) . A two-hybrid interaction between Afr1 and the septin Cdc12 suggests that Afr1 binds directly to septins (38) . Mating projections in AFR1-null mutants are malformed, but the role of Afr1 in this process is not known.
This study was motivated by the observation that protein phosphatase type 1 (PP1) (Glc7 in yeast) is localized to mating projections in a septin-dependent manner (5). Glc7 is a highly conserved phosphatase with physiological roles ranging from the activation of glycogen biosynthesis to chromosome segregation (reviewed in reference 53). The activity of Glc7 is regulated by targeting/regulatory subunits that direct the phosphatase to a specific location and otherwise regulate its activity. We show here that Afr1 is responsible for targeting Glc7 to mating projections. Furthermore, AFR1-null mutants show aberrant septin structures at the base of mating projections. These results and other data suggest that Afr1, along with Glc7, is required for the maintenance of septin architecture during mating.
MATERIALS AND METHODS
Yeast strains, media, and reagents. The yeast strains used in this work are listed in Table 1 and are congenic to JC482 (8) except for strain CTY10-5d (19) (a gift from R. Sternglanz, State University of New York, Stony Brook). Yeast strains were grown at 30°C on YPD medium (2% Bacto peptone, 1% yeast extract, and 2% glucose) or synthetic complete (SC) medium unless stated otherwise. Diploid strains were sporulated at 24°C on medium containing 2% Bacto peptone, 1% yeast extract, and 2% potassium acetate. SC medium and media lacking specific amino acids were made as described by Sherman et al. (51) . Yeast transformations, manipulation of Escherichia coli, and the preparation of bacterial growth media were performed as described previously (24, 33, 48) . Mating projections were induced by incubating cells in SC medium containing 10 Ϫ7 M ␣-factor (Sigma Chemical Co.) for 2 h at 30°C unless stated otherwise.
To generate gene deletion, 13Myc-tagged, and GFP fusion strains by PCR, each amplified cassette was transformed into a KT1112 ϫ KT1113 or KT1357 ϫ KT1358 diploid strain, unless otherwise noted. Transformants were sporulated, and haploid meiotic segregants were isolated by tetrad analysis. Primers are listed in Table 2 . Deletion cassettes were amplified using afr1::KanMX4 and primers JB25-F and JB26-R, yer158c::KanMX6 and primers JB50-F and JB51-R, and DNA from the strains from the Research Genetics deletion panel (64) . bni4::KanMX6 was made as previously described (40) . Nourseothricin (Nat)-resistant strains were created by digesting pAG25 (28) with EcoRI, transforming the fragment into the G418-resistant haploids, and selecting for growth on YPD medium containing 0.1 mg/ml nourseothricin (Werner BioAgents, Germany).
All integrated 13Myc, GFP, cyan fluorescent protein (CFP), and yellow fluorescent protein (YFP) fusions were constructed according to the method described by the Yeast Resource Center (University of Washington, Seattle, WA; http://depts.washington.edu/yeastrc/), which is based on the method described by Wach et al. (62a) , using pFA6a-13Myc-HIS3MX6 (43), pLK3 (39), pKT211, or pKT210 (50) as a template for 13Myc, GFP, mCitrine, and mCFP fusions, respectively. Construction of CDC10-yEmCFP and GLC7-yEmCitrine has been described previously (4, 40) . The 13Myc integration cassettes were amplified using primers JB45-F and JB46-R for AFR1-13Myc and primers JB47-F and JB46-R for afr1-⌬546-13Myc. The fluorescent protein integration cassettes were amplified using primer JB67-F or JB77-F with JB68-R for AFR1-GFP and AFR1-yEmCitrine, respectively, and primers SP63-F and SP66-R for BNI4-yEmCitrine. To integrate wild-type AFR1 and afr1(V546A F548A) (referred to below as afr1 VA/FA ) at the AFR1 locus, strain JB66-2D was transformed with MscI-digested pJB13 or pJB14 (described below). These strains were then transformed with the AFR1-yEmCitrine PCR products to generate AFR1-yEmCitrine and afr1 VA/FA -yEmCitrine, respectively. All deletions, truncations, and integrations were confirmed by genomic PCR or immunoblotting.
Site-directed mutagenesis and plasmid construction. Plasmids are listed in Table 3 . Standard techniques were used for DNA manipulation (48) . Restriction and modification enzymes were used as recommended by the manufacturers (Promega, Madison, WI; New England Biolabs, Beverly, MA; Roche, Germany). The sequences of mutant alleles were confirmed at Retrogen Inc., San Diego, CA. The AFR1 gene was subcloned as a SalI-BamHI fragment from pLG146 (25) into pUC19 (66) to create pJB10. Site-directed mutagenesis of the VXF motif of AFR1 in pJB10 to V546A F548A (VA/FA) was carried out using the QuikChange kit (Stratagene, La Jolla, CA) and primers JB52-F and JB53-R, generating pJB11. For the yeast two-hybrid assay, the sequence encoding afr1 VA/FA was amplified by PCR using primers JB63-F and JB64-R with pJB11 as the template and was cloned into pGEM-T (pGEM-T Easy vector systems kit; Promega) to generate pJB19. A SalI-NdeI fragment of afr1 VA/FA from pJB19 was subcloned into plexA-AFR1 (38) , replacing wild-type AFR1, to generate pJB20. SalI-BamHI fragments from pJB10 and pJB11 were cloned into pRS306 (52) to create pJB13 and pJB14, respectively. Yeast two-hybrid assay. The system used is based on the method of Fields and Song (19) , modified to use a lexA DNA-binding domain fusion (7) to AFR1 (38) and GLC7 fused to the GAL4 activation domain in pACTII (65) . The yeast strain CTY10-5d was cotransformed with two hybrid plasmids, and transformants were assayed for lacZ reporter gene activity by measuring ␤-galactosidase activity qualitatively on nitrocellulose filters or quantitatively using crude extracts as described elsewhere (32) .
Biochemical procedures. To assess Afr1-mCitrine and 13Myc-tagged protein levels, total protein was prepared from cultures treated with ␣-factor by lysis in trichloroacetic acid (12, 54) . Unless otherwise stated, cells were treated with 10 Ϫ7 M ␣-factor (Sigma Chemical Co.) for 2 h. Proteins were electrophoresed on 8% polyacrylamide-sodium dodecyl sulfate gels. Immunoblot analysis was performed as described elsewhere (54) using the anti-Myc ascites antibody 9E10 or the BD Living Colors A.v. monoclonal anti-GFP antibody JL-8, with subsequent detection using the enhanced chemiluminescence system (Amersham ECL Plus; GE Healthcare, United Kingdom). Phosphoglycerate kinase (Pgk1) expression was used as a loading control.
Microscopy. Cells were imaged for GFP, CFP, and YFP as described previously (39) . Fluorescence resonance energy transfer (FRET) was calculated as FRET R , the relative increase of signal in the FRET channel over the background from spillover, and is described elsewhere (45) using a tutorial available at http://depts.washington.edu/yeastrc/pages/FRET_1.html. Indirect immunofluorescence was performed as described previously (39) . Cells were stained with monoclonal anti-Myc antibody 9E10, followed by a tetramethyl rhodamine isocyante-conjugated goat anti-mouse secondary antibody (Sigma Chemical Co.), or with polyclonal anti-Cdc12 (kindly provided by M. Versele and J. Thorner, University of California, Berkeley) and an Alexa Fluor 488-conjugated antirabbit secondary antibody. Fluorescence levels along the sides of mating projections were quantitated as previously described (39) using the average of 4 adjacent pixels and subtracting the cytoplasmic signal from that at the edges of mating projections. The signal for the wild-type strain was set arbitrarily to 1.0.
At least 100 cells of each genotype were assayed. For time lapse microscopy of mating projection formation, cells were grown to early-log phase in SC medium and placed on a pad of 2% agarose in SC medium containing 10 Ϫ7 M ␣-factor.
RESULTS
Afr1 interacts with Glc7. Glc7 localizes to the necks of mating projections (5), but its role in mating is unknown. A potential clue comes from the observation that Bni4, a Glc7-targeting subunit that is responsible for tethering Glc7 to the bud neck, is related to Afr1 and another protein, Yer158c (Fig.  1) . Yer158c is ϳ49% similar to Afr1 but does not appear to play a role in the mating response (14) . The region of similarity between the yeast proteins also extends to the COOH-terminal region of a family of mammalian PP1 and ␤-actin binding proteins termed phactrs, for phosphatase and actin regulators (1, 47) . The conserved domain in Bni4 and phactrs is necessary for binding Glc7 and PP1, respectively (1, 39) . We confirmed an interaction between Afr1 and Glc7 using a lexA-based twohybrid assay ( Fig. 2A) . Afr1 and Glc7 consistently show an interaction above the level for the negative controls.
FRET was used to confirm the Glc7-Afr1 interaction. Glc7 and Afr1 were tagged with codon-optimized monomeric variants of CFP (mCFP) and YFP (mCitrine), respectively (50) . The fusions were integrated at the chromosomal loci for GLC7 and AFR1, and each is functional, as determined by the localization of each fusion to the necks of mating projections and by the ability of each fusion strain to grow at wild-type rates and with normal morphologies (data not shown). As expected, Afr1-mCitrine and Glc7-mCFP appeared to colocalize at the necks of mating projections (Fig. 2B) . However, in some cells, Afr1-mCitrine also resided in a small spot that appeared to be in or near the nucleus, as judged by the location of the nuclear Glc7-mCFP (Fig. 2B) . We do not know the significance of this spot or what, if any, cellular structure it is associated with, but Glc7 does not appear to colocalize with Afr1 in these spots. FRET between Afr1-mCitrine and Glc7-mCFP was measured as the increase in YFP emission after excitation of CFP using a metric defined by Muller et al. (45) . To assay FRET R , strains containing one or both of the fluorescent protein fusions were treated with ␣-factor for 2 h prior to imaging. A FRET R signal at mating projections was observed only when Afr1-mCitrine and Glc7-mCFP were coexpressed (Fig. 2B) . Quantitation of the FRETR signal between Afr1-mCitrine and Glc7-mCFP gave a value of 2.2 Ϯ 0.5 (n ϭ 22 cells) compared with 2.5 Ϯ 0.7 (n ϭ 15 cells) for Bni4-mCitrine and Glc7-mCFP, another pair of known interacting proteins (39) . The relatively high FRET R value for Afr1-mCitrine and Glc7-mCFP indicates that these proteins are in close proximity, i.e., no more than 75 Å apart (49) . Afr1 contains a putative PP1/Glc7-binding consensus RVXF motif near its COOH terminus (Fig. 1) . To determine if this motif is necessary for its interaction with Glc7, we constructed an AFR1 mutant, afr1(V546A F548A) (referred to below as afr1 VA/FA ), in which the conserved valine (V 546 ) and phenylalanine (F 548 ) residues in the consensus-binding site were changed to alanine. Afr1
VA/FA and a previously constructed COOH-terminal deletion, Afr1-C7 (Afr1-⌬474) (25) , fail to interact with Glc7 in the two-hybrid assay ( Fig. 2A) . These results indicate that Afr1, Bni4, mammalian phactrs, and related proteins in other eukaryotes contain a highly conserved COOH-terminal PP1 binding domain.
Afr1 is the limiting factor for Glc7 localization to the necks/ bases of mating projections. To determine whether Afr1 is necessary for the targeting of Glc7 to the necks of mating projections, GFP-Glc7 was imaged in strains treated with ␣-factor. GFP-Glc7 localizes to the sides of mating projections in wild-type cells but not to mating projections in an afr1⌬ strain (Fig. 3A) . As reported elsewhere (39), GFP-Glc7 localizes to mating projections in bni4-null mutants (Fig. 3A) , confirming that Bni4 does not directly target Glc7 to mating projections, even though it contains a Glc7 binding domain related to Afr1 and binds to septins. To quantitate GFP-Glc7 levels along the sides of mating projections, we subtracted GFP fluorescence in the cytoplasm of projections from GFP fluorescence along the edge, as described in Materials and Methods. This value was set to 1.0 for wild-type cells. The fluorescence levels in the bni4⌬ strain were similar to those found in wildtype cells but much greater than those in afr1⌬ cells (Fig. 3B) . When an afr1⌬ strain was transformed with a high-copy-number plasmid encoding AFR1, we observed a 2.1-fold elevation in GFP-Glc7 levels at the sides of mating projections of such cells relative to those for wild-type cells (Fig. 3C ) (n ϭ 40 cells; P Ͻ 0.0001 by an unpaired Student t test). Consistent with the results of the two-hybrid assay between Glc7 and Afr1 VA/FA ( Fig. 2A) , GFP-Glc7 does not associate with mating projections in strains expressing afr1 VA/FA (Fig. 3D ) or afr1-⌬474 (Fig. 3C) . These results indicate that Afr1 is limiting for the recruitment of Glc7 to the necks of mating projections, and they confirm that the RVXF motif of Afr1 is required to target Glc7.
Bni4(V831A F833A), a variant of Bni4 that fails to interact with Glc7 due to mutation of the RVXF motif, accumulates at low levels at the neck in vegetative cells, indicating that Bni4 and Glc7 are at least partially interdependent for their localization to the neck (39). We tested for a similar interdependence of Afr1 and Glc7 in mating projections by assaying the localization of Afr1 proteins that are unable to interact with Glc7. We first assayed the location of a COOH-terminal truncation of AFR1 lacking residues 546 to 620 and tagged with 13Myc epitopes, referred to below as afr1-⌬546. As a control, the full-length Afr1 protein was also tagged with 13Myc. Immunoblot analysis and indirect immunofluorescence with the anti-Myc antibody 9E10 indicate that Afr1-⌬546-13Myc is expressed normally in the presence of ␣-factor (Fig. 4A ) and accumulates at mating projections but fails to recruit Glc7 to the projections (Fig. 4B) . We also visualized an Afr1 VA/FAmCitrine fusion in mating projections. AFR1-EmCitrine and afr1 VA/FA -EmCitrine fusions were expressed from the AFR1 promoter at the AFR1 locus. As shown in Fig. 4C , Afr1-mCitrine and Afr1 VA/FA -mCitrine are expressed at similar levels after ␣-factor induction. However, Afr1
VA/FA -mCitrine accumulates to only low levels on mating projections (Fig. 4D) . As noted for Afr1-mCitrine, a single fluorescent spot is observed in many Afr1
VA/FA -mCitrine cells. This spot is brighter than that found in the Afr1-mCitrine-expressing cells. We do not know why Afr1-⌬546-13Myc localizes to mating projections but Afr1 VA/FA -mCitrine does not. It is possible that the fluorescent protein tag on the C terminus of the Afr1 VA/FA protein could influence localization. Nevertheless, these data indicate that Glc7 binding may be required for normal localization of Afr1 to mating projections.
Glc7 binding may be required for Afr1 function in regulating polarized morphogenesis during mating. AFR1-null cells display normal sensitivity to mating pheromones but form aberrant mating projections (37, 38) . At the concentrations of ␣-factor used in our experiments (10 Ϫ7 M), AFR1-null mutants form projections that are most often curved (Fig. 5A) . In contrast, wild-type cells form mostly acute projections (Fig.  5A) . Mating projections of the afr1 VA/FA mutant are abnormal (Fig. 5A ), but they usually have either a peanut-like shape (Fig.  5A) or a more complex aberrant shape rather than the curved projections of the afr1⌬ strain. To quantify differences in morphology, we arrested cells with ␣-factor, imaged the cells in multiple focal planes, and then placed cells into four categories based on the shapes of mating projections (Fig. 5B) . Ninety percent of projections from wild-type cells were classified as normal, acute projections. Only 28% of projections from the AFR1-null mutant were classified as normal. A majority of the projections were classified as curved, and the remainder were either a peanut shape or an odd shape that we simply defined as "aberrant." In contrast, 72% of afr1 VA/FA cells form projections that are either peanut shaped or aberrant. These results suggest that Glc7 plays a role in regulating the morphology of mating projections, but we cannot rule out the possibility that reduced levels of Afr1 VA/FA -mCitrine in mating projections are responsible for the distinct morphological phenotype of afr1 VA/FA projections. Afr1 regulates septin architecture in polarized morphogenesis during mating. Cells carrying the temperature-sensitive cdc12-6 mutation are defective in forming acute mating projections and fail to properly localize Afr1 to projections, even at the permissive temperature (25) . GFP-Glc7 fails to localize to projections in cdc3-1 and cdc10-1 mutants at the nonpermissive temperature (5). These results, together with two-hybrid interaction between Afr1 and Cdc12 (25, 38) , suggest that septins are necessary for Afr1 localization. This relationship is similar to that of septins and Bni4 in vegetatively growing cells, where septin complexes are necessary to target Bni4 to the bud neck (13) . To investigate the relationship between Afr1 and septins in more detail, we first imaged Cdc10-mCFP and Afr1-mCitrine in strains that contained chromosomal fluorescent protein fusions. As shown in Fig. 6A , Cdc10-mCFP and Afr1-mCitrine colocalize at the bases of mating projections, consistent with the two-hybrid interaction data (25) .
In vegetatively growing cells, septins are necessary for the targeting of Bni4 and Glc7 to the bud neck (5, 13) . BNI4-null mutants have a normal septin architecture, as assayed by indirect immunofluorescence (13) or with septin-fluorescent protein fusions (L. Kozubowski and J. Larson, unpublished data), but a bni4-null mutation was found, by use of a sensitive genetic assay for septin function, to influence septins (26) . To determine the functional relationship between Afr1 and septin complexes in mating projections, we imaged septin complexes by indirect immunofluorescence and with septin-mCFP fusions and then quantitated the fluorescence distribution at mating projections ( Fig. 6B and C; Table 4 ). In wild-type cells, septins VA/FA GFP-GLC7 (JB144-9C) and control AFR1 GFP-GLC7 (JB142-9C) strains were treated as described above. Bars, 5 m. Arrows mark GFP-Glc7 at mating projections.
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BHARUCHA ET AL. EUKARYOT. CELL accumulate at the bases of mating projections as a diffuse collar (Fig. 6A) (20, 34) or as broad bars that are distributed uniformly around the base of the complex (44) . In afr1⌬ cells with curved projections, Cdc10-mCFP is located in the crook or concave surface of the projection (Fig. 6B) . Even in cells without curved projections, Cdc10-mCFP is asymmetrically distributed over the surface of the projection (Table 4 ). The distribution of Cdc10-mCFP in afr1 VA/FA cells is also perturbed (Fig. 6B) , suggesting that Glc7 activity may be necessary for normal septin localization.
We also detected Cdc12 in projections by indirect immunofluorescence. In wild-type cells, Cdc12 was observed as bars or filaments that were symmetrically distributed over the projections in 95% of the cells (n ϭ 203). This pattern is illustrated in Fig. 6C . In contrast, in afr1⌬ cells, Cdc12 was observed in patches that are asymmetrically localized on the surfaces of projections in ϳ65% of cells (n ϭ 356) (Fig. 6C) .
We next followed the development of the underlying septin architecture during projection formation by time lapse microscopy. CDC10-EmCFP cells were placed on a pad of medium containing ␣-factor, and images were collected periodically as the cells formed projections. In wild-type cells, Cdc10-mCFP fluorescence appears at the site of the incipient projection concomitant with projection formation (Fig. 6D , left panel, 85-min time point). As the projection enlarges, the Cdc10-mCFP remains at the base as either a broad collar or a ring. In the afr1⌬ cells (Fig. 6D, right panels) , the timing of projection appearance and the pattern of Cdc10-mCFP fluorescence are similar to those observed for wild-type cells (note the 35-and Fig. 6D ). However, at later times, Cdc10-mCFP appears to reorganize around the base of the projection, such that it becomes more concentrated on one side of the projection than on the other (Fig. 6D) . Time lapse imaging of 37 afr1⌬ cells revealed that 73% (27 cells out of 37) underwent the reorganization of Cdc10-mCFP that is shown in Fig. 6D . In 19% of cells (7/37), the Cdc10-mCFP signal remained symmetric at the end of the experiment, but these cells had small projections. The remaining three cells (8%) had no detectable Cdc10-mCFP signal at the necks of the projections. In contrast, the Cdc10-mCFP signal in 100% of wild-type cells (n ϭ 46) remained symmetric around the base of the mating projection throughout the time course. The redistribution of septin complexes in the AFR1-null mutant is consistent with the possibility that Afr1 has a role in regulating septin architecture. If this is the case, it might be expected that increased dosage of Afr1 would also alter septin structures. To test this, we imaged a CDC10-EmCFP strain transformed with a high-copy-number AFR1 plasmid. Two effects on the Cdc10-mCFP fluorescent pattern were observed. First, Cdc10-mCFP levels appear higher in the AFR1-overexpressing cells, although quantitation of the fluorescent signal revealed an increase of only ϳ1.2-fold. This difference was limited to mating projections, since Cdc10-mCFP levels are the same at the bud necks of vegetatively growing YEpAFR1 and vector control cells (data not shown). Second, Cdc10-mCFP is asymmetrically distributed over the projection (Fig. 6E) . Together, these results suggest that Afr1 directly or indirectly regulates the architecture of septin filaments in mating cells.
DISCUSSION
Glc7 is an essential phosphoserine/threonine phosphatase that participates in a wide range of cellular processes and pathways, but substrates of Glc7 for many of these have not been identified. One successful approach to identifying these pathways and substrates has been to identify specific Glc7-binding proteins that target Glc7 to a specific location or biochemical complex. Examples of this approach have been studies on Reg1, Gac1, Bud14, and Pta1, which have illuminated roles of Glc7 in glucose repression (58) , glycogen synthesis (21), microtubule dynamics (36) , and mRNA 3Ј processing (31, 63) , respectively. Our identification of Afr1 as a targeting subunit of Glc7 identifies new roles for Glc7 during both vegetative growth and mating.
Afr1 was identified as a promoter of ␣-factor resistance when overexpressed (37) . The mechanism of this resistance is not well understood, although it is thought to be independent of receptor phosphorylation and/or endocytosis (11). Giot and Konopka (25) noted that an Afr1 variant, Afr1-C7, localizes normally to the necks of mating projections but fails to induce ␣-factor resistance when overexpressed. This variant lacks the COOH-terminal 146 residues of Afr1, which include the Glc7-binding domain. It is therefore possible that the inability to induce resistance to ␣-factor could be due in part to the failure to recruit Glc7 to the projection neck, and this suggests a role for Glc7 in the negative regulation of pheromone signaling.
The C-terminal Glc7-binding domain of Afr1 is related to PP1/Glc7 binding domains found in yeast Bni4, the mammalian phactr/scapinin proteins, and related proteins in other metazoans. The physiological relevance of this C-terminal domain is illustrated by the observation that a mouse humdy mutant, which has serious developmental defects of the brain and nerve cord, is due to a missense mutation in the PP1-binding domain of the Phactr4 gene (35) . This mutation blocks the ability of the phactr4 protein to bind PP1. It has also been shown recently that the Glc7-binding domain of Bni4, when fused directly to the septin protein Cdc10, is sufficient to target chitin synthase III to the bud neck (40) . Although the substrates for these proteins are likely to be diverse, the common and essential Glc7/PP1 binding domain reinforces the importance of phosphatase activity for their biological functions.
Afr1 interacts with the septin Cdc12 in the two-hybrid assay (25, 38) and requires normal septin function for its localization to mating projections (25) . Interestingly, Afr1 is the third Glc7 binding protein that is targeted to the septin cytoskeleton. Bni4 and Glc7 bind to the septin ring in budding cells, where they regulate chitin deposition (13, 39) . bni4-null mutants have morphologically normal septin structures ((13; Larson and Kozubowski, unpublished), but loss of BNI4 has been reported to influence septin assembly in a sensitive screen designed to identify septin regulators (26) . Gip1, together with Glc7, is required for septin organization and spore wall formation during meiotic spore maturation (55) . However, Afr1, Bni4, and Gip1 are largely unrelated in sequence, other than a Glc7-binding VXF motif and a more extensive region of similarity in the COOH-terminal domains of Afr1 and Bni4. As in the case (38) , also suggesting an influence on septins. One mechanism to explain the influence of Afr1 on septin assembly is that Afr1 acts to keep septins diffusely distributed around the bases of mating projections. Loss of Afr1 could result in a collapse of the septin network into a more tightly packed complex, which cannot extend uniformly around the projection base. Given the possible requirement of Glc7 binding for Afr1 function, we speculate that at least part of the regulation of septin architecture could occur by altering the phosphorylation state of septins or other septin regulators. Septins are phosphorylated during vegetative growth, and a key regulatory mechanism required for septin ring formation in unbudded cells involves septin phosphorylation by the protein kinase Cla4 (60) . Later in the cell cycle, septin dynamics are regulated by Cla4 and Gin4 protein kinases, together with PP2A (17). It is not known if these mechanisms are important for the regulation of the septin architecture in mating projections, but it is noteworthy that a screen for phosphorylated peptides that change in abundance following pheromone treatment revealed that the levels of phosphopeptides from three septins, Shs1, Cdc11, and Cdc3, decrease upon pheromone treatment (29) . In the same study, Afr1 was found to be highly phosphorylated after pheromone treatment, but the significance of this observation is not known. Two phosphopeptides from Gin4 are also less abundant following pheromone treatment. Gin4 is a protein kinase implicated in regulating septin architecture (6, 44) that can be phosphorylated and activated in vitro by the Elm1 protein kinase (2) . It should be noted that mutants lacking the protein kinase Gin4 often have diffuse septin structures that at least superficially resemble the bars of septins sometimes observed in mating projections (44) . Is it possible that Afr1-Glc7 maintains septins in a hypophosphorylated state necessary to maintain the diffuse septin structures at the necks/bases of mating projections? Further work on septins in mating cells will be necessary to test this hypothesis.
